Whole slide imaging (WSI) is a useful tool for multi-modal imaging, and in our work, we have often combined WSI with darkfield microscopy. However, traditional darkfield microscopy cannot use a single condenser to support high-and low-numerical-aperture objectives, which limits the modality of WSI. To overcome this limitation, we previously developed a darkfield internal reflection illumination (DIRI) microscope using white light-emitting diodes (LEDs). Although the developed DIRI is useful for biological applications, substantial problems remain to be resolved. In this study, we propose a novel illumination technique called color DIRI. The use of three-color LEDs dramatically improves the capability of the system, such that color DIRI (1) enables optimization of the illumination color; (2) can be combined with an oil objective lens; (3) can produce fluorescence excitation illumination; (4) can adjust the wavelength of light to avoid cell damage or reactions; and (5) can be used as a photostimulator. These results clearly illustrate that the proposed color DIRI can significantly extend WSI modalities for biological applications.
Introduction
The complexity of the human body makes it difficult to understand. For example, it consists of between 50 and 75 trillion cells, and its genes are capable of creating over 20,000 proteins. Optical microscopy is the main tool used to investigate the structure and functions of cells, tissues, and organs in the human body. Scientists have a wide variety of imaging techniques and tools at their disposal to better understand complicated biological environments. Whole slide imaging (WSI) or so call vertual slide technology is one of the core imaging techniques, which enables automated imaging and allows scientists to observe large samples. Microscopes performing WSI can easily be connected to the Internet, raising the prospect of Internet of Things applications. The observation area of WSI is not limited to the field of view of an objective lens [1] [2] [3] [4] [5] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Darkfield microscopy combined with WSI is often used to observe the details of tissue and cell structures. The main advantage of darkfield microscopy is that unstained samples can be observed due to a mismatch in the refractive index, which generates image contrast, although staining with an appropriate color is often required [6] . The typical set-up of transmitted darkfield illumination consists of a halogen burner bulb with either a central stop for darkfield in a standard brightfield condenser or a dedicated substage darkfield condenser. Central axial illumination from the halogen burner bulb is blocked by the darkfield central stop. Peripheral illumination obliquely illuminates a specimen contained on a slide from the bottom. Thus, only forward-scattered light or refracted light from the specimen enters the objective lens (Fig 1a) , which creates darkfield images. We show the advantages of darkfield microscopy using real samples. Fig 1b shows a brightfield image of cheek cells using UPlanSApo 60× oil, numerical aperture (NA) 1.35 (Olympus, Tokyo, Japan), with an extended magnification lens of 2.5×. The human cheek cell (epithelial cell) sample was freshly taken using Q-chip and diluted in phosphate-buffered solution (PBS). The image contrast was low, making it difficult to observe the cells. A darkfield image of the cheek cells is shown in Fig 1c; in this image, the background is very dark, which results in the granules inside the cells being clearly resolved.
Conventional darkfield units are commercially available for a standard microscope. There are two types of darkfield condensers: dry and oil. A dry darkfield condenser cannot be used with objective lenses that have a NA > 0.8, because the illumination cone passes directly through the objective lens and eliminates the dark background of the image. An oil darkfield condenser, on the other hand, can accept such a high-NA lens. However, if a user needs to switch from an oil lens to a dry lens, the condenser also must be switched back to the dry darkfield condenser. This necessitates the disruptive and somewhat laborious process of removing the oil from the slide, which is incompatible with automated WSI.
To overcome this problem, we previously developed darkfield internal reflection illumination (DIRI) with white light-emitting diodes (LEDs) [7, 8] . DIRI eliminates sources of light from the top and bottom of a sample using a side-illuminated darkfield, which is an improved version of a Hausmann's darkfield illuminator [9] , occasionally used for brain imaging [10] [11] [12] [13] . Although the developed DIRI is useful [7, 8] , it has substantial limitations that must be addressed to make it more useful for biological applications. For example, the original DIRI cannot control the wavelength of light, which is essential for fluorescence excitation. Controlling the wavelength is also important for avoiding cell damage or reactions.
In this study, therefore, we developed a novel color DIRI system using three-color LEDs. This modification dramatically improves the capability of the system. Specifically, it enables users to control the wavelength of light, which is useful for fluorescence excitation, avoiding cell damage and reactions. We show that our color DIRI has a color balance function and is effective for samples with or without staining. Moreover, the system can be used to investigate phototactic activities of cells. We use Euglena gracilis as a model microorganism [14] [15] [16] [17] [18] [19] , and show that the color DIRI can actually induce phototactic behavior of cells. Lastly, we discuss the advantages of the color DIRI compared with Hausmann's darkfield and white DIRI. Our ultimate goal is to develop an automated microscope system with multiple modes of use via color DIRI.
Materials and Methods

Sample preparation
TMA sample. We used an 11-core TMA sample (BSB0297; BioSB, Santa Barbara, CA, USA). The TMA consisted of 11 2-mm cores of formalin-fixed, paraffin-embedded tissues. The array configuration allows validation of reagents for immunohistochemistry applications. The mice were anesthetized using pentobarbital (Somnopentyl, 60 mg/kg body weight; Kyouritsu Seiyaku, Tokyo, Japan) and transcardially perfused with ice-cold PBS containing 10 U/mL heparin (Mochida Pharmaceutical Co. Ltd., Tokyo, Japan), followed by 4% (wt/vol) paraformaldehyde (PFA)/phosphate-buffered saline (PBS) (−). The dissected brains were subjected to post-fixation in 4% PFA/PBS (−) at 4˚C overnight and embedded in Tissue-Tek (O.C.T. compound; Sakura, Torrance, CA, USA). A YFP-H mouse brain was cut into 50-μm-thick sagittal sections with a cryostat (CM1860; Leica, Wetzlar, Germany).
Before diaminobenzidine (DAB) staining, 30-μm-thick sections of wild-type mouse produced using a cryostat were treated with 3% H 2 O 2 in MeOH for 30 min. The brain sections were permeabilized with 0.1% Triton X-100 in PBS (−) for 5 min and then treated with 1% BSA in PBS for 30 min. The sections were incubated with primary antibody [anti-NeuN monoclonal antibody (Millipore #MAB377, 1:400)] in PBS-T overnight at 4˚C, and incubated with secondary antibody [HRP-labeled anti-mouse IgG (MBL #PM009-7, 1:1000)] for 30 min at room temperature. Then, the sections were incubated with secondary antibody [HRPlabeled anti-mouse IgG (MBL #PM009-7)] for 30 min at room temperature. Finally, the sections were incubated in DAB substrate solution (#SK-4100; Vector Laboratories, Burlingame, CA, USA), in accordance with the manufacturer's protocol.
Euglena gracilis sample. In this study, we used Euglena gracilis as a model microorganism to show that the color DIRI is useful for investigating the photo responses of cells. E. gracilis is a unicellular flagellate in fresh water. Photo responses of E. gracilis have been studied for over a century [14] [15] [16] [17] [18] [19] . Blue and green light illumination of E. gracilis induces positive or negative phototactic responses, resulting in accumulation or avoidance, respectively [16, 17] . The phototactic responses of E. gracilis to light of different wavelengths ranging from near ultraviolet (UV) to red were reported previously [19] . E. gracilis was cultivated using diluted water with a plant nutrition solution (Pot in AO; Fumakilla Limited, Tokyo, Japan) in a bottle for 10 days. The sample cells were loaded between the coverslip and microscope slide glass. We introduced a spacer to create a gap. This gap between the slide glass and the coverslip was approximately 0.4 mm.
Equipment set-up
Microscope set-up. In all experiments, the base system comprised the Virtual Slide System VS120 (Olympus, Tokyo, Japan) and VS-ASW WSI software (ver. 2.8). A schematic diagram of the optical layout is shown in Fig 2. The WSI system set-up included a microscope imaging system with cameras, an objective lens, a motorized focus system, and a motorized X-Y stage. Two cameras were used: a black and white camera (Orca R2; Hamamatsu Photonics, Hamamatsu, Japan) and a color camera (VC50, CCD; Olympus Soft Imaging Solutions, Münster, Germany). This system contained a standard substage condenser, a transmitted Color Darkfield Internal Reflection Illumination (DIRI) for Biological Applications brightfield illuminator, a fluorescence illuminator, and the color DIRI system. This configuration allowed automated acquisition of a specimen image. The acquisition parameters were configured using software to select the magnification (objective lens) and observation method (e.g. transmitted brightfield, fluorescence); the software controls the positioning of the stage and focus, such that images can be taken automatically. The color DIRI system was a prototype, and there was no commercial version. The physical arrangement of the LEDs and slide is the same with Fig 1 in our previous publication [7] . To avoid photo responses of E. gracilis, we added the sharp cut-off filter SC68 and reduced the exposure to visible light. This SC68 filter transmits light with a wavelength longer than 680 nm.
Color DIRI set-up. The previous method of white DIRI illumination [7, 8] uses a thin array of white LEDs. The present version of DIRI illumination uses a three-color-LED array (Fig 3) , which is commercially available (NeoPixel Stick-ID 14268; Adafruit, New York, NY, USA). This LED array uses eight sets of three-color (red, blue, and green) LEDs (Worldsemi WS2812 5050 RGB). The dimensions are 51.1 × 10.22 × 3.19 mm. The WS2812 datasheet shows that the red, green, and blue LEDs emit light over the wavelength ranges of 620-630 nm (550-700 mcd), 515-530 nm (1100-1400 mcd), and 465-475 nm (200-400 mcd), respectively. The physical arrangement of the LEDs is shown in Fig 3(c) . The distance between the blue and green LEDs is about 1.2 mm. The red LED is placed in between the blue and green LEDs.
Each LED is addressable by its internal driver chip. The operation frequency is 800 kHz. Each individual LED is controlled by an Arduino UNO (Arduino, Turin, Italy) microcontroller, with a clock speed of 16 MHz; the brightness of the LED light can be controlled and the light can be turned on or off with millisecond precision via the microcontroller. We attached LEDs of three colors to the DIRI illuminator for WSI. Before use, the WSI system was calibrated using the VS-ASW software and the recommended calibration slide from the manufacturer. For measuring light intensity in the experiment, we used Illuminance Meter T-10 (Minolta, Tokyo, Japan).
Results and Discussion
Color balance adjustment
We observed a tissue microarray (TMA) sample of skin tissue using brightfield and color DIRI illumination. The color balance could be set on the color DIRI using a NeoPixel intensity interface where each color LED can be adjusted on a scale of intensity from 0 to 255, 255 being the maximum. Fig 4 shows the TMA sample illuminated by: (a) brightfield illumination with a halogen bulb; (b) DIRI illumination using red LEDs, with a maximum illumination intensity of 1800 lux and NeoPixel intensity of red 255; (c) DIRI illumination with green LEDs, with a maximum illumination intensity of 3700 lux and NeoPixel intensity of green 255; and (d) DIRI illumination with blue LEDs, with a maximum illumination intensity of 1000 lux and NeoPixel intensity of blue 255. The illumination intensity was measured using a Minolta intensity meter. We confirmed that DIRI with red, green, or blue LEDs properly illuminated the TMA sample with each color, and the DIRI image provided a more detailed structure than that with brightfield illumination with white light. Although the image quality of Fig 4d is not high, we believe this is due to the low sensitivity of the CCD to blue light and could be improved by another sensor. Fig 5 shows the advantages of the color balancing properties of color DIRI. We observed TMA samples of three different tissues: brain tissue (top left), skin tissue (top right), and liver tissue (bottom), with color DIRI. The first set (Fig 5a1) used a maximum illumination intensity of 6400 lux. The NeoPixel intensity set-up was red 255, green 255, and blue 255. Our sensory evaluation results showed that the background of the image was blue in color. To improve the image b1 had H: 247, S: 40, and B: 17. By reducing the intensities of red and blue light, the background color became a more natural black in b1. We see that the background color in b1 is less blue and darker than that in a1.
These results clearly illustrate that the independent control of the three-color LEDs could improve the color balance of DIRI illumination compared with white-LED illumination. We think that the color balance function of our color DIRI is novel and advantageous compared with the standard Hausmann's darkfield and white DIRI. Comparisons to Hausmann's darkfield and white DIRI will be presented later.
Observation of DAB-stained brain slice
3,3
0 -Diaminobenzidine (DAB) staining is one of the most commonly used staining methods. We thus checked the utility of our color DIRI using a DAB-stained brain tissue section. Fig 6a  shows the sample under brightfield illumination, while Fig 6b shows the sample observed by using color DIRI. The light intensity was set as red 150, green 225, and blue 100, for a total of 5,000 lux. The DIRI image shows the structure of the corpus callosum, whereas the brightfield image does not. The results indicate that color DIRI is useful for observing the structures of DAB-stained samples.
If two illuminators (such as transmitted and DIRI) are used, the color balance of one of them has to be adjusted. Otherwise, it is necessary to change the color balance of the camera itself when switching the illuminator. We included the ability to change the color balance in the darkfield illuminator (color DIRI); thus, it is possible to switch to a brightfield mode without changing the camera settings. This is ideal for automated image acquisition.
Observation of brain slice without visible color staining
We examined the effectiveness of color DIRI in the imaging of samples without visible color staining. Fig 7 shows images of a brain section not stained by a visible dye. We first obtained a large image of the brain slice using a PlanApon 2× objective lens with brightfield illumination (Fig 7a) . We can see that the image contrast is low, making it difficult to distinguish structures in the sample. The illumination method was then switched to color DIRI using the same objective lens, as shown in Fig 7b. The color DIRI image has significantly higher contrast than the brightfield image, indicating the effectiveness of color DIRI, even for a sample without staining.
Observation of brain slice staining with a fluorescent marker
First, we examined the fluorescence imaging of the brain using blue LED excitation illumination from the color DIRI system. We compared the epifluorescence image and blue LED excitation image using fluorescent proteins (YFP-H). Using the objective lens UplanSapo 40×, NA 0.9, we observed the area Z1, which is highlighted in Fig 7b. Second, we acquired a standard epifluorescence image (Fig 7d) . Moreover, by using an excitation filter, we obtained the median values of the excitation wavelength, full width at half maximum (FWHM), and full bandwidth to be 494, 20, and 25 nm, respectively. The illumination wavelength was approximately 481.5-506.5 nm. Because of a sharp and narrow cut-off bandpass filter, the full bandwidth was only 5 nm wider than FWHM. The background of the fluorescence image was dark, and the fluorescence image could be seen at a very high contrast.
In addition, in Fig 7c, the wavelength of the illuminated blue LED and the median of the excitation wavelength was 467 nm, the FWHM was 10 nm, and the full bandwidth was 100 nm. The illumination wavelength was approximately 417-517 nm. However, the full bandwidth was 90 nm wider than that of the FWHM as a broad band blue LED was used. Fluorescent proteins (YFP-H) were excited using the blue LED. From Fig 7c, we can analyze that the color DIRI can produce the fluorescent image. However, in the case of the fluorescence image in Fig 7c, the LED light with wavelength of approximately 517 nm was making bleed through of excitation filter (515-545 nm) and into camera. This broader wavelength of blue LED light, especially 517 nm light passed through the emission filter, which created a slightly brighter background in Fig 7c than that in Fig 7d. Although blue LED excitation provides a slightly Another advantage of the color DIRI is that it provides easy and automatic image acquisition with oil objectives. As shown in Fig 7(e) , we examined color DIRI together with a UPLSAPO40×, NA 1.25, silicone oil immersion objective lens. Easy and automatic image acquisition was successfully achieved in this study. Fig 7(f) shows an image using epifluorescent imaging for comparison. The contrast for the image background in Fig 7(f) is higher than that in Fig 7(e) ; however, the performance for the color DIRI is acceptable.
Theoretically, if we can set a bandpass filter between a white LED and a slide glass sample, controlling the illumination wavelength is possible. However, the space between the LED and the slide sample is limited. Thus, it is difficult to mechanically install the bandpass filter. As our former white DIRI system could not acquire fluorescent images, the proposed color DIRI system demonstrates significant progress regarding imaging capabilities.
Observation of photo response of Euglena gracilis
Next, we examined whether the color DIRI could be utilized to investigate the photo response of cells using Euglena gracilis, which has been a subject of intense investigations [14] [15] [16] [17] [18] [19] . In this experiment, we used two kinds of illumination: one for sample observation and the other for photo stimulation. The illumination for sample observation was transmitted illumination generated by a halogen lightbulb with an SC68 sharp cut-off filter; this filter only transmits light of a wavelength longer than 680 nm. The SC68 filter, which is a long pass filter from 680 nm, can reduce the photo response of E gracilis, given that E gracilis shows phototaxis to shorter wavelengths [16, 17, 19] . The illumination for photo stimulation was generated by the color DIRI.
We placed E gracilis cells in a gap of 0.4 mm between a coverslip and a slide glass. When these cells were loaded, the DIRI LEDs were off. Initially, the cells were distributed across the entire region, as shown in Fig 8a. As a control, we acquired an image 10 min after the loading, as shown in Fig 8b. The cell distribution was similar to that in Fig 8a, and no accumulation of cells was observed near the LEDs, namely, in the blue ellipsoidal region.
Next, we turned one LED on, the intensity of which was set as follows: red 0, green 5, and blue 0. The light intensity was 4 lux. Fig 8c shows the image acquired 30 min after LED illumination. We can see that many cells had accumulated in front of the LED, as indicated by the blue ellipse. In other words, E gracilis had exhibited phototaxis, swimming towards the light. We then increased the light intensity to red 0, green 255, and blue 0 (740 lux). Fig 8d shows an image acquired 10 min after this increase. We can see that quite a large number of cells accumulated in front of the LED, which indicates that the cells showed a stronger photoresponse upon an increase of the light intensity. The color DIRI can illuminate cells with three different colors and from eight different positions. We thus believe that the present system is useful for investigating the photo response of various swimming microorganisms.
Comparison with Hausmann's darkfield and white LED DIRI
We compared three different darkfield illumination methods: Hausmann's darkfield, white-LED DIRI, and three-color-LED DIRI. The results are summarized in Table 1 . The top five Table 1 describe the apparatus required for each method. Hausmann's darkfield uses side illumination, which involves the direct connection of a lightbulb or fiber illumination. In the case of DIRI, however, as we previously explained, the same illumination set-up cannot be used because DIRI was developed for an automated microscope for WSI [7, 8] . DIRI should not be connected to a bulky tungsten or halogen lightbulb with a fiber bundle because the bulky units often interfere with the motorized stage. Given the small size of LEDs, they do not impose such a constraint.
The bottom five lines in Table 1 explain the functions. When we take a color image with brightfield and darkfield modes, color adjustment is always required. Three-color DIRI has the ability to adjust the illumination color balance. This is essential for taking brightfield and darkfield images using the same camera, which was not possible using white-LED DIRI. In the case of color DIRI, we can take both images without changing the camera set-up. As shown in Fig 7, fluorescent imaging can be performed only by color DIRI. This is one of its major advantages compared with the other two methods. Metal nanoparticles are also used in biological imaging. They exhibit a plasmonic resonance that induces unique optical properties. The excitation light for nanoparticles should have a shorter wavelength than the emission wavelength, which can be provided by color DIRI. Moreover, color DIRI can provide a darkfield image only using red illumination. The red illumination can prevent sample damage and photobleaching compared with white or blue light. Long-wavelength photons are less energetic and phototoxic. In addition, selective longer-wavelength darkfield illumination by color DIRI should reduce photobleaching and phototoxic effects. These characteristics of color DIRI are preferable for biological applications.
The color LEDs provide adjustable three-color illumination with eight sets of three-color LEDs. We can illuminate individual LEDs for selected locations. In addition, the LED controller has the ability to provide blinking illumination. These characteristics are favorable for investigating the photo responses of cells, as shown in Fig 8. Overall, the color DIRI significantly extends the abilities of WSI compared with the other two methods.
The color LEDs provide a photo stimulator function. This function indicates that the system can control the color, intensity, and area of the illumination. Meanwhile, a Hausmann's illuminator, could not control the illumination location, even if an optical filter were to be added to it. Consequently, using Hausmann's illuminator would not be appropriate for a photo stimulator.
Color LED and LED array controller
The WS2812 array comprises three RGB LEDs, and we measured the distance between them. The distance between the blue and green LEDs was approximately 1.2 mm while the red LED was placed in between them. This fact indicates that one needs to carefully align the positions of the color LEDs relative to the slide glass. We also checked the commercially available microscope slide glass; the choices of available thickness were 0.8-1, 0.9-12, 1-1.2, and 1.2-1.5 mm. The most suitable of these was felt to be the 1.2-1.5 mm slide glass, as it can properly include the three RGB LEDs.
In this study, we used an Arduino UNO microcontroller to control the intensity of the LEDs. We only used a limited number of functions of the controller, such as the on/off switch and the illumination location selector. The use of some additional functions, such as the highspeed on/off switch and the select and switch illumination area, may be desirable in some situations. The update speed for Arduino UNO is 800 kHz, and each LED has a 24-bit color. Therefore, the update speed for eight LEDs is 1.25 ms. If the exposure time is on the order of this update speed, the illumination light makes frequency beating of the LED update speed against camera readout. More advanced features for controlling light are provided on the Arduino homepage "Fast, easy LED library for Arduino." Moreover, another idea for improving frequency is provided by Tian and Waller [20] . If a better controller system such as Teensy 3.2 is used, a greater LED-array update speed can be obtained.
